Two immunoglobulins secreted by hybridoma cell lines have been systematically investigated to determine if they could be used in solid-phase assays to give results comparable with those obtained by conventional liquid-phase radioimmunoassay (RIA). The antibodies, BQ.1 and BQ.2, bind with high specificity to the steroid hormone progesterone. The affinity constants, Ka,to 1251-labeled progesterone derivatives are 1.1 x 1011 L/mol and 9.1 x iO LJmol, respectively. Progesterone inhibited the binding of radioiodinated derivatives (amides of tyramine, histamine, and tyrosine methylester with 11a-progesterone hemisuccinate) equally well. For solid-phase assays, we immobilized antibody BQ.1 via Protein A to different polystyrene surfaces (about 30 pg per tube at 50% inhibition of radiolabeled tracer). Under these conditions, the performance of this antibody for the quantification of progesterone was equivalent to that obtained in RIA. For the immobilized antibody BQ.2, only 1/10 of the amount used for optimal results in AlA was required in solid-phase assays. Binding of either antibody to the antigen was undiminished after several freezing-thawing cycles. When immobilized on solid matrices, both antibodies retained up to 95% of their binding properties for one year. Thus high-affinity, highspecificity monoclonal antibodies can be obtained for haptens and, when suitably immobilized, can be used in solidphase assays with results equal to or better than those obtained with liquid RIA. 
believed that monoclonal antibodies usually bind to haptens less firmly than do their polyclonal counterparts, and that solid-phase assays with immobilized binding proteins are less suitable than liquid-phase immunoassays, our findings do not support these assumptions.
Materials and Methods

Reagents
Unless otherwise mentioned, steroids and steroid derivatives were purchased from Steraloids, Wilton, NH. Proges- conjugates with progesterone (P-TA and P-HA) were iodinated and purified by the same method. Only mono-iodinated derivatives were used as tracers in the assays.
The conjugate of ila-hydroxy hemisuccinyl progesterone to ovalbumin (molar ratio for steroid:ovalbumin, 10:1) was synthesized by the mixed anhydride method via chiorocarbonate tert-butylester with the Schotten-Baumann reaction (2) . We used this preparation to coat microtiter plates to screen for clones secreting antibodies to progesterone.
We also used the following reagents: Iscove's Modified Eagles's Medium ("IMDM"; Gibco, Grand Island, NY); hypoxanthine/aminopterinlthymidune medium (HAT); penicillinlstreptomycin (tissue-culture tested); p-nitrophenol phosphate (Sigma Chemical Co., St. Louis, MO); fetal bovine serum (FBS; HighClone, Logan, UT); polyethylene glycol (PEG; Mr 500-600, PEG 1500; Bioproducts, Walkersville, MD); second antibody-alkaline phosphatase conjugate (American Qualex inc., La Mirada, CA); 2,6,10,14-tetramethylpentadecane ("pristane"; American Type Culture 'Nonstandard abbreviations: HPLC, "high-performance" liquid chromatography; P-TME, progesterone lia-hemisuccinyl tyrosine methylester P-TA, progesterone lla-hemisuccinyl tyramine; P.
HA, progesterone ila-hemisuccinyl histamine; IMDM, Iscove's modified Dulbecco's medium; PEG, polyethylene glycol; HAT, hypoxanthine/aminopterin/thymidine medium; FBS, fetal bovine serum; Ig, immunoglobulin(s); PBS, phosphate-buffered isotonic saline; and P-GT, 11cm-progesterone glucuronide tyramine. 
BALB/cByJ
mice, originally obtained from Jackson Laboratories, Bar Harbor, ME, were bred in-house in pathogenfree facilities.
Production of Monoclonal Antibodies
Immunization.
Female BALB/cByJ mice, six weeks old, were immunized with a conjugate of ila-hydroxy hemisuccunyl progesterone and bovine serum albumin (molar ratio of steroid:albumin, 30:1) by six 80-j.g injections of antigen every three days (total 18 days) into four locations: hind footpads and inguinal areas. Antigen for the first injection was suspended in complete Freund's adjuvant, for the second injection in incomplete Freund's adjuvant, and thereafter in 0.01 mol/L phosphate-buffered saline (PBS). One day after the last injection, the lymph nodes of the inguinal area were dissected and the lymphocytes expressed into IMDM medium. with CO2 (80 mJJL) and kept at 95% relative humidity and 37#{176}C. The primary medium was changed twice before cells covered more than half of the wells. The medium containing the growing colonies was examined by solid-phase assay for antibodies binding to progesterone.
Cloning of hybrid cells. Selected cell colonies were cloned by limiting dilution (6) Production of ascites fluid. To facilitate the growth of tumor cells as an ascites, the BALB/cByJ mice were conditioned with 0.5 mL of pristane injected intraperitoneally at least two weeks before inoculation of hybridoma cells (7) . Inoculation of 5 x 106 cells in 0.5 mL of IMDM into the pertioneal cavity produced tumor growth within 10 to 14 days. Accumulated peritoneal ascites fluid was drained at this time and about one week later just before the mice were killed. We stored this liquid in aliquots, either directly after centrifligation or after separating the immunoglobulin fraction by precipitation with ammonium sulfate and subsequent ion-exchange chromatography. 
Radioimmunoassay
Samples
Extracted serum samples were prepared by separating lipophilic components from 1 mL of plasma or serum by mixing with 4 mL of petroleum ether (bp 30-60 #{176}C). The organic phase was evaporated and the residue redissolved in 1 mL of gel-PBS. To account for procedural losses of progesterone, we added 10 pg of [1,2,6,7-3H]progesterone (80-110 kCi/mol; New England Nuclear) to samples before extraction and counted the 3H radioactivity in aliquots of the reconstituted petroleum ether extract. Mean analytical recovery was 78% (SD 4%, n = 90).
Assay Characterization
Determination of binding constants. To evaluate equilibrium constants for immunoglobulins, we constructed regression curves from the Scatchard version of the mass law 
analysis.
Cross-reactivity studies. The cross reactivity of the immunoglobulins with other steroids was calculated at 50% displacement of progesterone in RIA, by the criteria described by Abraham (13).
Results
Selection of hybridoma cell lines.
We selected hybridoma cell lines for further investigation if the absorbance of the ELISA supernate at 414 nm was more than 50% of that of the clone with the highest absorbance. This requirement was met by antibodies from 17 clones (resulting from two fusions). For five of these, the affinity constant to 'Ilabeled progesterone tyrosine methylester was K >i0 Lfmol. We selected immunoglobulins secreted by two of these cell lines (BQ.1 and BQ.2) for comparison between liquid-phase and solid-phase assays.
Cross reactivity. The selected hybridoma cell lines secreted antibodies (BQ.1 and BQ.2) that were generally found to be highly specific when tested with 32 different steroids ( Table 1) . Those steroids differing primarily by a hydroxyl or keto group in the 11-position cross reacted appreciably. The double bond in the 4-position of the A-ring of the sterol structure also did not have a major effect on the interaction with the idiotype of either antibody as indicated by cross reactivities ranging between 15% and 135% for three steroid derivatives ( Table 1) .
Comparison of tracers. We investigated four radiolabeled derivatives as tracers, the mono-iodinated ha-conjugates of progesterone with glucuronide tyramine (P-GT) (14), tyrosine methylester (P-TME), tyramine (P-TA), and histamine (P-HA). P-GT did not bind appreciably to either antibody and was excluded from further studies. The poor binding of P-GT might be related to the bulky bridge between the steroid and tyramine. This coincides with similar observations by Come et al. (15) . Displacement curves for progesterone and the remaining three radiolabeled derivatives were parallel in assays with the antibody BQ.1, whether bound from unbound antigen was separated by charcoal or with second antibody. With the antibody BQ.1, charcoal separation resulted in slightly more sensitive standard curves for all three radiolabeled tracers (Figure 1) . For antibody BQ.2, charcoal separation was only investigated with P-TME as radiolabeled tracer because the standard curves were not parallel when the second-antibody method was used for separation (see below). However, standard curves with the three radiolabeled tracers were parallel and not significantly different (analysis of variance of the regression curves for the logit-log transformation) with the second-antibody method.
Radioimmunoassay. The sensitivity of the radioimmunoassay can be controlled by using different concentrations of antibody. Thus, by varying the concentration of BQ.1 within one order of magnitude (between 2 and 23 flnollmL), the amount of progesterone that is necessary to displace 50% of radiolabeled tracer (7 to 9 pg for all assays) ranged between 20 and 200 pg per tube. Standard curves for different amounts of BQ.1 within this range were not exactly parallel as predicted by theoretical models (16), although this is barely discernible in the sigmoidal curves for the semi-log representation (Figure 2) .
In liquid-phase radioimmunoassay, the immunoglobulin BQ.2 provided reliable results only with the second-antibody separation (see below). At 50% displacemen progesterone was measured between 60 pg per tube (6 fmollmL of IgG) and 300 pg per tube (120 fmollmL of IgG). Thus, assays with this antibody are somewhat less sensitive.
Separation of immunocomplex from unbound steroid by charcoal adsorption or second-antibody precipitation of the immunoglobulin BQ. 1 gave standard curves that were parallel, within experimental error. Charcoal separation provided slightly higher sensitivity, but this was only significant by comparison of several experiments (P <0.05, 50% displacement of radiolabeled tracer in 10 experiments on each method compared by analysis of variance).
Standard curves with charcoal and second-antibody separation were not parallel with the curve for antibody BQ.2. The standard method of 15-mm incubation with dextrancoated charcoal for adsorption of unbound steroids is not suitable for RIA with this antibody (Figure 3) . We obtained better results with 7-mm incubation, but the results were still not as good as with second-antibody separation or solidphase assays.
Unless otherwise mentioned, the following results and discussions relate to RIA involving second-antibody separation.
Solid-phase assay. Solid-phase assays with antibodies directly immobilized on polystyrene (tubes and microtiter wells) are not suitable for quantitative estimation of proges.. was about the same in solid-phase assay and RIA. This was not so for BQ.2; the solid-phase assay only required 0.1 the amount of BQ.2 to achieve the same result as in RIA (second-antibody separation; see Figures 5 and 3) .
Both antibodies show a "hook effect" at higher concentrations in the solid-phase assay; i.e., with increasing concentration of immobilized immunoglobulin the titration curve deviates from the typical sigmoidal shape to yield a lower ratio of bound/total radiolabeled derivative after reaching a maximum (Figures 5 and 3) . Standard curves. We performed several studies to determine the effect of incubation time and sequence of adding radiolabeled and unlabeled steroid on the standard curve in solid-phase assays. Co-incubation of radiolabeled derivative and progesterone led asymptotically to binding equilibrium after about 120 mm, with very little change in concentration of bound antigen thereafter. However, standard curves can be read after 15 mm with about 16% binding of the total tracer (B0/T) vs about 30% binding at equilibrium (11). To obtain some indication of the extent of reversibility of antigen binding, we added radiolabeled steroid subsequent to incubation with sample. The binding curves for the experiment in which progesterone was incubated first for 18 h and the labeled derivative was added for only the last 90 miii were almost congruent with those curves obtained by co-incubating label and sample in the solid-phase system for 18 h (Figure 6 ).
The slopes of standard curves formed when native proges- different incubation times with sample and with tracer in a solid-phase assay throne ("cold") or radiolabeled derivative ("hot") were coincubated, or hot was added after incubation with cold, differed but little ( Figure  7) . However, if hot was preincubated, subsequent addition of cold took a longer time to reach equilibrium (>180 mm). Thus, a 90-mm pre-incubation with hot followed by another 90 mm with cold yields a standard curve with a slope not parallel to "regular" standard curves. This is an expression of the higher binding affinity of the radiolabeled derivative to the antibody BQ.1.
Parallelism and analytical recovery. Aliquots of biological samples correlate linearly with the amount of progesterone assayed. This is illustrated in Figure 8 for a nonextract- During as many as 10 freezing-thawing cycles, stock solutions showed no significant decline in steroid binding in RIA (Figure 10 ). The intra-assay CV for this experiment, (i.e., "buffer controls" or "zero binding") was 2.8% for BQ.1, 2.6% for BQ.2. This compares with an interassay CV of 12% Fig. 9 . Correlations of progesterone concentrations determined by usingantibody BQ.1 inRIA(x-axis)andsolid-phase assay (y.axis), and usingantibodyBQ.2 in a solid-phaseassay (z-axis)
The axes are plottedin the same units Figure 9 ). This raises two questions: why is the charcoal separation unsuitable with BQ.2, and why is the solid-phase assay superior to second-antibody separation?
The affinity constant for BQ.2 is an order of magnitude lower than that for BQ.1. Therefore, "stripping" of antigen from the binding protein by excess of charcoal has a higher It is not clear why the immobilized antibody BQ.2 can be used in significantly lower concentrations and yet give the same results as obtained in liquid-phase assay with secondantibody separation. Perhaps the second antibody "masks" the idiotypic region of BQ.2 so that it is no longer fully available for antigen binding. However, three different polyclonal antibodies to mouse IgG, each raised in different sheep, all gave titration curves similar to that shown in Figure 3 . Although slopes of the standard curves and the concentrations of samples obtained by the two methods are comparable, the better utilization of immobilized immunoglobulin confirms that a solid-phase assay does not have to be by design less favorable.
Titration curves with increasing amounts of antibodies in liquid-phase assays were sigmoidal, as expected (Figures 3  and 5) . However, we observed in the solid-phase assays a "hook effect" at larger amounts of immunoglobulins for both antibodies. We postulate that decreased binding of antigen is not related to impaired access of the hapten to the idiotypic site of the binding proteins but rather to limited availability of antibodies. Optimal interaction between immobilized Protein A, antibody, and the solid surface can occur only up to a certain ratio between Protein A and IgG, as we have shown elsewhere (11).
